We report on the evolution of equilibrium magnetoresistive ͑MR͒ 1 / f noise due to the exchange-biased magnetic layer in MgO-based magnetic tunnel junctions as a function of annealing time at 380 and 430°C. The resistance susceptibility and MR noise are observed to increase rapidly with annealing time at a fixed temperature. The magnetic losses responsible for MR noise are not significantly affected by the structural crystallization at the CoFeB/MgO interface during short annealing times. After prolonged annealing, the decrease in magnetic losses is attributed to reduced disorder in the magnetic layers that result in thermally driven fluctuations in local micromagnetic structure. © 2010 American Institute of Physics. ͓doi:10.1063/1.3526721͔
Tunneling magnetoresistance ͑TMR͒ magnetic sensors are well-known to exhibit excess low-frequency resistance noise commonly having a 1 / f power spectrum. [1] [2] [3] In magnetic tunnel junctions ͑MTJs͒, thermal magnetization fluctuations couple to the resistance through the spin-dependent tunneling effect to create resistance noise. [3] [4] [5] This noise has been shown to limit the performance of low-frequency magnetic sensors. 6, 7 Techniques involving static 8 and oscillating 9 flux concentrators have been implemented to help mitigate the effects of 1 / f noise. However, studies aimed at reducing dissipative processes 6 that lead to magnetic noise in the ferromagnetic electrodes are sparse but are essential for improving magnetoresistive ͑MR͒ sensing technologies. One method is to apply a thermal annealing treatment to the devices. Shaw et al. 10 used Lorentz microscopy to show that the magnetic structure in AlO x -based MTJs was greatly improved after undergoing a preoxidation process and annealing. Liou et al. 11 found that the low-frequency magnetic noise in AlO x -based MTJs could also be reduced by annealing devices in very high magnetic fields. Of recent interest are MgO-based MTJs which require a postgrowth annealing step to attain coherent tunneling that gives rise to giant TMR. 12 Recently, we have shown that the barrier-resistance noise in MgO-based devices can be reduced substantially through annealing. 13 In this letter, we investigate how the MR 1 / f noise from the reference ͑or exchange-biased͒ layer changes as a function of annealing time. We find progressive increases in TMR and in MR noise for short annealing times. However, a reduction in the magnetic losses responsible for the MR noise near the maximum in resistance susceptibility ͑or field sensitivity͒ is seen through prolonged annealing. The magnetic losses are not significantly affected by transformation from an amorphous to crystalline structure at the CoFeB/MgO interface. Rather, the decrease in magnetic losses is attributed to the volume fraction of epitaxial CoFeB and/or the weakening of exchange bias of the reference CoFeB electrode.
MTJ devices were fabricated from dc magnetron sputtered structures consisting of Si/ SiO 2 / Ta 7/Ru 20/Ta 7/CoFe 2/IrMn 15/CoFe 2/Ru 1.7/CoFeB 3/MgO 1-1.5/CoFeB 3/Ta 8/Ru 10, where the numbers represent layer thicknesses in nanometers. UV photolithography and ion-beam etching processes were used to pattern circular, 20 m diameter, tunnel junctions and lead electrodes in a cross-shaped geometry for making four-probe electrical measurements. The devices underwent rapid thermal annealing at a fixed temperature in an Ar environment having a residual oxygen level below a few ppm. 13 The devices were then cooled naturally in a 120 mT field to establish the exchange pinning direction. Resistance and the voltage noise were measured simultaneously under constant current bias conditions and as a function of external magnetic field, H, which was applied in the plane of the films and collinear with the exchange bias field direction. All reported data were taken at room temperature with positive voltage biases corresponding to electron transport from the bottom to the top electrode. The power spectral density of the MR 1 / f noise, S mag ͑f͒, was determined by subtracting amplifier noise, thermal and shot noise, and nonmagnetic ͑tunnel barrier͒ noise from the measured voltage noise spectrum, S V ͑f͒, where f is the frequency. 13 Additional experimental details can be found in Ref. 13 .
We parametrize the MR 1 / f noise by a Hooge-like expression 6 ␣ mag ϵ ⍀fS mag / V 2 , where ⍀ is the volume of the corresponding magnetic layer. In thermal equilibrium, the fluctuation-dissipation theorem can be used to obtain an expression that relates the magnetic noise to the magnitude of the resistance susceptibility,
where ⌬R is the total resistance change, 0 M s = 1.6 T is the saturation magnetization of CoFeB, ͑H͒Ϸ R Љ / R Ј is the phase lag associated with magnetic losses in the reference layer, and the other terms have their usual meaning. Equation ͑1͒ applies over a range of fields for which only one magnetic layer fluctuates with respect to the other which is effectively fixed. Equation ͑1͒ shows that ␣ mag is proportional to the product of ͑H͒ and the magnetoresistance-sensitivity product, MSPϵ͑⌬R / R 2 ͒͑dR / dH͒. Here, we are interested in how these quantities vary with thermal annealing.
The inset of Fig. 1 shows that the magnetic field dependence of ␣ mag exhibits two peaks: a large and broad, Fig. 1 shows the dependence of ␣ mag on MSP for the reference layer. Data correspond to a field sweep from Ϫ22 ͑H ref ͒ to Ϫ60 mT. The nearly linear scaling over three decades is consistent with equilibrium magnetization fluctuations; deviations will occur if ͑H͒ varies substantially over the field range. 6 An analogous scaling for the MR noise of the free layer was difficult to identify due to its magnetization reversal process involving irreversible, macroscopic domain wall jumps rather than rotation. Devices having perpendicular anisotropy between the free and reference layers are better suited.
Next, we examine the response of a number of quantities to the cumulative annealing time, t a . Figure 2͑a͒ shows that both ␣ mag and MSP increase rapidly at short times with higher values being observed when annealed at 430°C compared to 380°C; values are reported at H = H ref . MSP continues to increase with annealing time, whereas ␣ mag begins to saturate at a value near 10 −9 m 3 for t a Ͼ 10 4 s at 380°C, which corresponds to times for the saturation of the TMR to 275%. 13 We have followed Ref. 6 and plotted 0 M s ␣ mag versus MSP in Fig. 3 to show their linear relationship at short annealing times ͑t a Ͻ 10 4 s at 380°C͒. At longer times, ␣ mag exhibits a sublinear dependence on MSP.
Thermal annealing increases MSP by increasing the degree of coherent tunneling which leads to higher TMR and by compressing the range of fields required to reverse the reference layer. The latter effect is related to a reduction in the exchange anisotropy field, H ex , that occurs with prolonged annealing. H ex is defined as the external field at which the TMR ratio becomes half its maximum value. 14 The main panel of Fig. 2͑b͒ shows that in the case of the 380°C anneal 0 H ex changes from Ϫ36 to Ϫ18 mT. The same trend can be seen for 430°C in the inset. This reduction in the magnitude of H ex causes the noise peak from the reference layer to shift and contribute more MR noise near zero fieldnot desirable for magnetic sensor applications. Figure 2͑b͒ illustrates that H ⌳ tracks H ex toward lower field magnitudes at higher t a . This evolution of H ex toward zero field is likely to be due to thermal diffusion of Mn out of the antiferromagnetic ͑AF͒ IrMn layer and into surrounding layers. 15, 16 We note that other exchanged-biased MTJs with a synthetic antiferromagnet ͑SAF͒, such as CoFe/Ru/CoFeB, have lower Ru thicknesses. 2, 3, 8, 11, 14, 16 A thicker Ru layer of 1.7 nm is chosen to study the TMR at high annealing temperatures ͑above 350°C͒ and long annealing times due to its presence as a diffusion barrier of Mn. 17 However, thicknesses less than 1 nm would improve coupling in the SAF and increase the magnitude of the three characteristic fields, including H ex . 14, 16 Thus, the amount of magnetic noise near zero field due to the reference layer would be decreased.
The increase in MSP with annealing time accounts for most of the MR noise. However, at sufficiently long t a , ␣ mag begins to saturate whereas MSP continues to increase. From Eq. ͑1͒ we can infer that this behavior is due to a decrease in the phase lag. In the inset of Fig. 3 we observe that is nearly constant ͑roughly 425 mdeg͒ in the early stages of annealing but decreases to 75 mdeg after annealing for 48 h at 380°C. The decrease is also evident in the main panel of Fig. 3 since the dashed lines denote constant phase lag at 300 FIG. 1. ͑Color online͒ The main panel plots the dependence of the noise on MSP at two annealing times, 19 000 ͑-᭝-͒ and 173 000 s ͑-ଁ-͒, at 380°C. Solid line is a guide to the eyes with a slope of 1. The inset shows the magnetic field dependence of ␣ mag ͑symbols͒ and the resistance ͑solid line͒ for a MTJ annealed at 380°C for 19 000 s. ␣ mag is nominally frequency independent at low f; we report its value at 18 Hz. Measurements were made at a constant current bias of 360 A. K. The sublinear dependence of ␣ mag on MSP indicates a progressive reduction in at long annealing times. The data imply that magnetic losses responsible for the MR noise at maximum MSP in the reference layer can be reduced through prolonged annealing.
In earlier work it was found that during annealing the crystallization of the CoFeB electrodes involves the growth of separate columnar-like grains at different locations on the MgO template followed by a merging into a continuous layer. 12 Crystallization occurs during the earliest stages ͑t a Ͻ 10 3 s͒ of annealing and changes the interfacial properties near the tunnel barrier which results in a rapid and significant increase in TMR. It has been shown that the Debye-Waller factor, which represents the structural disorder in the CoFeB electrodes, is significantly reduced in the early stages of annealing at 400°C. 18 The fact that is observed to decrease at much longer times indicates that the structural transformation at the CoFeB/MgO interface is not a major factor to its decrease. Rather, the decrease may be associated with the volume fraction of crystallized CoFeB, e.g., through a reduction in grain boundaries or dislocations that can lead to magnetization ripple within the layer. These small, local variations in the magnetization can be a source of MR 1 / f noise. 10 In addition, disorder that originates in the underlying AF layer may imprint a metastable micromagnetic structure in the reference layer through local exchange or magnetostatic coupling. A substantial decrease in exchange coupling is observed for t a Ͼ 10 3 s at 380°C which may reduce the intensity of the magnetic ripple and hence the noise in the reference layer.
The reduction of magnetic losses with increased annealing time is most pronounced at H = H ref , i.e., at maximum MSP. A comparison of ␣ mag at lower MSP ͑corresponding to H Ͻ H ref ͒ for t a = 19 000 and 173 000 s can be made from Fig. 1 . Within the statistical variation of the data, the points overlap, indicating that is essentially constant at fixed MSP over a wide range of annealing times. Meaningful comparisons at H Ͼ H ref are difficult due to the overlapping noise contributions from the free layer.
In summary, we have measured the evolution of MR 1 / f noise in sputtered, MgO-based MTJs as a function of annealing time at 380 and 430°C. Annealing increases the MR noise mostly through gains in TMR that result from the crystallization of the CoFeB layer. A reduction in magnetic losses near maximum resistance susceptibility is observed at longer annealing times and is attributed to a smoother micromagnetic structure in the reference layer. However, prolonged anneals also reduce the exchange bias and shift the noise due to the reference layer closer to zero field, which is unfavorable for magnetic sensing applications. Decreasing the thickness of the Ru layer in the SAF can diminish this effect. Although this study focused on the properties of the reference layer, the fundamental effects would also be present in the free layer. Reducing magnetic losses due to disorder in the magnetic layers of MTJ-based sensor devices is important for attaining high signal-to-noise ratios, particularly now that resistance 1 / f noise from the tunnel barrier is no longer a performance limiting factor. 13, 19 This work was supported by the DOE under Award No. DE-FG02-07ER46374.
